Introduction
The intestinal microbiome has been implicated in a wide variety of diseases, spanning from metabolic, neurologic, and cardiovascular conditions to localized intestinal diseases, including colorectal cancer (CRC). In recent years, numerous studies have supported the notion that individual organisms are associated with human CRC and are capable of inducing tumorigenesis in genetically susceptible murine models of disease (1) (2) (3) . These efforts have led to the identification of single species harboring prooncogenic genes, including enterotoxigenic Bacteroides fragilis (ETBF), expressing the BFT toxin, Escherichia coli, with the pks virulence island, and Fusobacterium nucleatum, expressing the FadA and Fap2 adhesins, among others (4) (5) (6) (7) (8) . Extensive data also support the idea that CRC is associated with altered microbiota communities and that a subset of bacteria in the complex microbiota consistently associate with CRC (9-11).
However, demonstration of colon carcinogenesis from human fecal microbiota communities is limited (12, 13) and has not yet been reported for human colon mucosa. Trillions of diverse microorganisms reside in the human colon in close proximity to the colonic epithelium, separated only by a protective mucus layer comprising largely MUC2 mucins (14) . We have previously shown that the mucus layer of the majority of individuals with tumors proximal to the hepatic flexure of the colon, and a subset of individuals with tumors distal to the hepatic flexure, harbors polymicrobial biofilms in direct contact with epithelial cells on tumor and paired normal tissues from these tumor hosts (11, 15) . Further, approximately 13% of healthy subjects undergoing routine screening colonoscopy harbored mucosal biofilms. These multispecies biofilm communities, whether in cancer patients or healthy hosts, correlate with prooncogenic biological changes, namely loss of E-cadherin, increased IL-6, activation of Stat3, increased polyamine synthesis, and increased epithelial proliferation (15, 16) . Sequencing analysis targeting the V3-V5 region of 16S rRNA did not distinguish genus-level differences between biofilm and nonbiofilm mucosa; however, principal coordinates analysis (PCoA) revealed that biofilm communities from paired normal tissues from cancer hosts align with Mucus-invasive bacterial biofilms are identified on the colon mucosa of approximately 50% of colorectal cancer (CRC) patients and approximately 13% of healthy subjects. Here, we test the hypothesis that human colon biofilms comprise microbial communities that are carcinogenic in CRC mouse models. Homogenates of human biofilm-positive colon mucosa were prepared from tumor patients (tumor and paired normal tissues from surgical resections) or biofilm-positive biopsies from healthy individuals undergoing screening colonoscopy; homogenates of biofilm-negative colon biopsies from healthy individuals undergoing screening colonoscopy served as controls. After 12 weeks, biofilm-positive, but not biofilmnegative, human colon mucosal homogenates induced colon tumor formation in 3 mouse colon tumor models (germ-free Apc MinΔ850/+
;Il10
-/-or Apc MinΔ850/+ and specific pathogen-free Apc MinΔ716/+ mice). Remarkably, biofilm-positive communities from healthy colonoscopy biopsies induced colon inflammation and tumors similarly to biofilm-positive tumor tissues. By 1 week, biofilm-positive human tumor homogenates, but not healthy biopsies, displayed consistent bacterial mucus invasion and biofilm formation in mouse colons. 16S rRNA gene sequencing and RNA-Seq analyses identified compositional and functional microbiota differences between mice colonized with biofilm-positive and biofilm-negative communities. These results suggest human colon mucosal biofilms, whether from tumor hosts or healthy individuals undergoing screening colonoscopy, are carcinogenic in murine models of CRC.
Human colon mucosal biofilms from healthy or colon cancer hosts are carcinogenic 1 (C57BL/6) mice. These models have been used extensively to experimentally test the role of Apc and Wnt signaling, which is critical to the development of human colon cancer, in colon tumorigenesis (17, 18) . In general, these murine models (when possessing a conventional murine microbiota) develop mostly small intestinal tumors with spare sporadic colon tumors that are predominantly adenomas. The mice most often expire due to bowel obstruction or bleeding prior to developing histologic cancer. Inclusion of Il10 -/-additionally tested the role of IL-10 signaling, which is considered important in very early onset human inflammatory bowel disease (19) .
Mice were inoculated with a mucosal homogenate combined from 5 surgical CRC patients (biofilm-positive cancers or biofilm-positive paired normal tissues) or healthy subjects who underwent colonoscopy (biofilm-positive or biofilm-negative biopsies) (see Methods, Supplemental Table 1 , and Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI124196DS1) to create the following inoculated mouse groups: BF+T, BF+NF, BF+bx, and tumor-associated communities (15) and are distinct from mucosal communities lacking biofilm formation in either tumor or healthy hosts. This suggests a progressive microbial dysbiosis in the transition from normal tissue to biofilm-covered normal tissue to cancer. These findings raise key and related questions: (a) Are cancer-associated biofilms and their microbial members procarcinogenic or simply associated with cancer as a "bystander"? and (b) Are biofilms and their microbial constituents from cancer-free colons capable of accelerating colon cancer development? In order to determine whether an increase in oncogenic potential would accompany the transition from biofilms on healthy subject mucosa to biofilms on normal mucosa in a CRC host and, finally, to biofilms on tumor tissue from a CRC host, we studied the capacity of biofilm microbial communities to induce CRC upon transfer to both germ-free (GF) and specific pathogen-free (SPF) mice.
Results
Human colon biofilms are carcinogenic in murine models of disease. To evaluate our hypothesis that biofilm-associated microbial communities have procarcinogenic potential, we utilized 3 + colonoscopy mucosal biopsies from healthy subjects (BF+bx, n = 9 mice), and BF -colonoscopy mucosal biopsies from healthy subjects (BF-bx, n = 12 mice) are displayed. For SPF Apc MinΔ716/+ mice, n = 12 (BF+T); n = 8 (BF+NF); n = 13 (BF+bx); n = 9 (BF-bx). BF + conditions do not differ statistically from each other. (E) Survival curve of BF-bx and BF+T reassociated GF Apc MinΔ850/+ ;Il10 -/-mice over 12 weeks, analyzed by log-rank (Mantel-Cox) test and the log-rank test for trend (n = 9 mice per group). Inoculums for reassociation experiments were homogenates of proximal (PC) or distal colon (DC) tissues of mice associated with microbes from human BF-bx or BF+T mucosal tissues (see Methods). (F) Colon tumor counts in reassociated GF Apc MinΔ850/+
;Il10
-/-mice. n = 9 (BF-bx distal colon); n = 7 (BF+T PC); n = 5 (BF+T distal colon), since some BF+T reassociated mice did not survive to the 12-week end point. For A-D and F, data are displayed as mean ± SEM analyzed by Mann-Whitney U test. For C, D, and F, P < 0.0167 is considered statistically significant, based on Bonferroni's correction for multiple comparisons. BF+T groups died or required euthanasia prior to the 12-week end point ( Figure 1E ). Nonetheless, BF+T reassociated mice displayed significantly increased colon tumors compared with mice reassociated with BF-bx murine tissues, which displayed no colon tumors ( Figure 1F ). These results show that the human biofilm-positive mucosal microbiota communities that assemble in the mucosa of GF Apc
MinΔ850/+
;Il10 -/-mice maintain tumorigenic capacity upon transfer to additional GF mice.
Experiments on a small number of biofilm-positive tumorassociated GF Apc MinΔ850/+ and Apc
;Il10 -/-mice (n = 9) were carried out beyond 12 weeks to determine whether the tumors would develop into carcinomas; 2 mice (22%) developed invasive adenocarcinomas that were characterized by infiltrative glands in the submucosa surrounded by desmoplastic stroma (Figure 2A) . Similarly, during the course of our SPF mouse-model experiments, a small group of Apc MinΔ716/+ mice became ill around 3 weeks after receiving biofilm-positive human mucosal inocula and required euthanasia. After initial histopathology revealed colon tumors, additional mouse groups were analyzed at 3 weeks, revealing early tumor formation by histopathology in 11 of 15 mice inoculated with biofilm-positive human tumor colon mucosa, 4 of 6 mice inoculated with biofilm-positive colonoscopy biopsy mucosa, 0 of 5 mice inoculated with biofilm-positive paired normal mucosa, and 0 of 7 mice inoculated with biofilm-negative colonoscopy biopsy mucosa (P = 0.0039 and P = 0.02, biofilm-positive tumor or biofilm-positive biopsy, respectively, vs. biofilm-negative biopsy; Fisher's exact test, Bonferroni's corrected significant P value < 0.025). Histopathology further revealed multifocal dysplasia (n = 4 mice) and adenocarcinoma (n = 5 mice) in mice receiving either biofilm-positive tumor or biofilm-positive colonoscopy biopsy mucosa ( Figure 2B ). BF-bx, respectively. In all 3 murine models, inocula prepared from biofilm-covered human mucosa induced colon tumors at 12 weeks after inoculation, primarily in the distal colon, while inocula prepared from biofilm-negative mucosa did not (Figure 1 ;Il10 -/-mice also do not develop colon tumors (20) .
To further test the carcinogenicity of the human BF+T microbiota, homogenized mouse proximal or distal colon tissues from initial BF-bx-and BF+T-inoculated GF Apc bers did not differ between these 2 mouse models (Supplemental Figure 3B) . Collectively, our murine model results suggest that human colon biofilms -even the biofilms detected in healthy individuals undergoing screening colonoscopy -contain carcinogenic microbes or microbial consortia. 
Enhanced inflammation in Apc

;Il10
-/-mice, inflammation further augmented tumor initiation and promotion.
Biofilm-positive human mucosal tissues induce early IL-17 and myeloid cell infiltration in GF mice.
We have previously shown that inflammation at 1 week in C57BL/6 and Apc MinΔ716/+ mice reflects early mucosal inflammatory changes predictive of contributions to colon tumorigenesis (21, 22) . Thus, to limit the impact of Il10 deficiency on colon mucosal inflammation and to study the inflammatory response to human biofilm communities in more detail, we next examined the murine colon mucosal inflammatory responses to human biofilm-positive Biofilm-positive human colon mucosa inocula also significantly increased small intestine tumor numbers in the GF mouse models, but not the SPF mouse model (Supplemental Figure 3A) . Similarly to what occurred with colon tumor induction in the GF Apc Figure 4C ). Consistent with these experiments, inoculation of GF Apc MinΔ850/+ mice with biofilm-positive tumor, but not biofilm-negative biopsy, human tissues again induced predominant IL-17 mucosal responses and increased myeloid infiltration similarly to that observed in C57BL/6 mice (significant increase of Th17 and total IL-17 + cells; Figure 4 , D-F). Thus, despite the lack of histologic inflammation detected at late time points in GF Apc MinΔ850/+ mice, these results suggest that human mucosal biofilm communities increase and likely alter the function of select mucosal immune populations that contribute to colon tumorigenesis, even in GF Apc MinΔ850/+ mice. Biofilm-positive human mucosal tumor tissues induce biofilms in GF mice. Whereas the entire length of the human colon is protected by a mucus layer, the protective mucus layer of the murine colon is usually limited to the distal 2-3 cm of colon (23, 24) . Furthermore, biofilm formation has only rarely been observed in the murine colon. To see if biofilm formation present in human colon mucosal samples was transmissible after inoculation into GF mice, we first examined, using FISH analyses, the microbial composition and organization on the distal colon mucosa of GF Apc MinΔ850/+ ;Il10
-/-and Apc MinΔ850/+ mice 12 weeks after inoculation with biofilm-positive (human tumor, paired normal and colonos- 
;Il10
-/-mice inoculated with BF -colonoscopy biopsies from healthy subjects (BF-bx). Scale bar: 100 μm. Tissues analyzed by multiprobe FISH (see Methods). ;Il10 -/-mice at 12 weeks after inoculation ( Figure 5A ). In addition, the major phyla from the biofilm inocula were detected in each mouse group and confirmed to make up the majority of bacteria invading the mucus, with the exception of Fusobacterium ( Figure 5A ). Fusobacterium were not detected in the mucosa of any mouse colon, despite being abundant in the original biofilm-positive tumor inoculum. Further, colon epithelial cell invasion of biofilm members (multiple phyla) was detected in mice from the biofilm-positive inoculation groups ( Figure 5B ). In contrast, biofilm-negative colonoscopy biopsy inocula did not induce abundant mucus invasion and were marked by a thicker, more intact mucus layer on the murine colon ( Figure 5C and Supplemental Figure 5 ).
To determine whether murine biofilm assembly occurs rapidly after mouse inoculation with human colon mucosal biofilms, GF C57BL/6 mice were inoculated with biofilm-negative healthy subject biopsies, biofilm-positive healthy subject biopsies, or biofilm-positive tumor inocula followed by distal colon tissue fixation with Carnoy's and analysis for distal colon biofilms by FISH 1 week later. At this early time point, only the biofilmpositive tumor inoculum induced murine colon biofilms (5 of 5 BF+T vs. 0 of 8 BF-Bx, 0 of 6 BF+Bx, and 0of 3 sham mice; Figure 6A) . Overall, at least 70% of the distal colon mucosa of mice inoculated with biofilm-positive tumor inoculum versus approximately 20% in mice inoculated with biofilm-negative biopsy inoculum displayed invasive bacteria visible in the mucus layer with epi thelial cell contact ( Figure 6B , P = 0.023). However, in none of the mice inoculated with biofilm-negative biopsy inoculum did this limited invasion constitute either the required density or length for a biofilm (see Methods). Thus, assembly of biofilm communities on murine colon tissue occurs rapidly after inoculation only with human biofilm-positive tumor bacterial communities. Further studies with longer time courses will be necessary to determine whether biofilm-positive healthy biopsy communities can invade colon mucus in mouse models.
Human colon biofilm status is associated with microbiota changes after inoculation into GF Apc
MinΔ850/+ ;Il10 -/-and Apc MinΔ850/+ mice. Having shown that biofilm-positive status directly influences colon carcinogenesis in mice, we analyzed the microbiome to gain further insight into the communities associated with this phenotype. We Figure 7) . Strikingly, an analysis of similarities (ANOSIM) that explicitly incorporated temporal variation still reported striking differences between biofilm-negative and biofilm-positive groups in both Apc
MinΔ850/+
;Il10 -/-and Apc MinΔ850/+ mice ( Figure 7, A and B) . Importantly, although the amount of bacteria differed between the 4 initial inocula, overall bacterial levels normalized quickly in inoculated mice, with no significant difference at 1 week between the groups in stools or tissues as assayed by quantitative PCR (qPCR) for the universal bacterial 16S rRNA gene (P = 0.091 and P = 0.8349, respectively; Supplemental Figure 8A ). Thus, the differences in tumorigenesis according to biofilm status at 12 weeks ( Figure 1 ) are most likely due to differences in microbiota composition rather than overall changes in bacterial levels between the groups of mice. In addition to compositional differences, biofilm-negative-associated Apc Figure 8B ) were significantly different between the biofilm-negative-and biofilm-positive-inoculated groups. Eleven genera were significant in both genotypes; 6 of these were significantly increased in both the stool and distal colon tissue compartments of biofilm-positive inoculated mice in both mouse genotypes (Clostridium XVIII, Erysipelotrichaceae incertae sedis, Escherichia/Shigella, Eubacterium, Parabacteroides, and Robinsoniella) (Figure 8 , A-C and Supplemental Table 2 ).
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) (25) , which infers metagenomics function from 16S rRNA amplicon-sequencing data, suggested the biofilm-positive-associated mice had a stool microbiota with a greater capacity to invade epithelial cells and synthesize peptidoglycan (Supplemental Figure 8D) . Both of these bacterial functions may contribute to biofilm formation (11) . To confirm these data, we performed RNA-Seq on mucosa from biofilm-positive tumor-and biofilm-negative biopsy-associated Apc MinΔ850/+ mice to diminish the impact of the enhanced inflammation observed in Apc MinΔ850/+
;Il10
-/-mice. Our metatranscriptome analysis (see used 16S rRNA amplicon sequencing to determine the microbial composition in the original human biofilm-positive and biofilmnegative inocula as well as in the stool samples (1 and 12 week) and end point (12 week) distal colon tissues collected from the inoculated GF Apc
MinΔ850/+
;Il10 -/-and Apc MinΔ850/+ mice. We used samples from GF mice so that these analyses would not be confounded by murine microbiota. PCoA analysis demonstrated a clear separation between the original human mucosal inocula and both the murine stool and distal colon murine tissues, suggesting that a major restructuring of the inoculated human microbial communities occurred in the mouse colon (Supplemental Figure 6, A and B) . Longitudinal fecal analysis revealed progressive changes in microbiota composition, with 1-week stool samples clustering apart from 12-week samples in every murine teins, novobiocin synthesis, and sporulation in the mucosa of mice associated with human biofilm-positive tumor inocula. In summary, biofilm-positive-associated mice have an altered microbiota and display an increased capacity to perform biofilmrelated functions, suggesting there are specific biofilm-associated bacteria and bacterial activities that promote tumorigenesis, consistent with our in vivo murine results (Figure 1 ). Table 3 ) confirmed that microbial genes associated with bacterial invasion of epithelial cells and peptidoglycan biosynthesis were differentially upregulated in the mucosa of mice associated with human biofilm-positive tumor relative to biofilm-negative biopsy (Supplemental Figure 9) . The analysis further revealed increased differential expression of microbial genes associated with bacterial secretion systems, cytoskeletal pro- 
Methods and Supplemental
;Il10
-/-stool that were significantly different in both the stool and distal colon compartments in both genotypes. All P values are Benjamini-Hochberg adjusted. Additional striking findings were that tumor-associated biofilms rapidly reestablish just 1 week after inoculation into GF WT C57BL/6 mice and biofilm-positive biopsy and tumor-associated communities induce colon mucosal inflammation, particularly IL-17, in both WT and Apc MinΔ850/+ mice. IL-17 has previously been implicated in contributing to tumorigenesis in ETBF-colonized (4, 21) and ETBF/pks + E. coli-cocolonized mice (22) and is known to adversely affect the prognosis of CRC patients (30) . Together, these data support a procarcinogenesis interplay between specific types of microbes and IL-17-associated inflammation during CRC development. Our results demonstrate a significant correlation between histologic distal colon inflammation and tumor formation induced by biofilm-positive communities in Apc MinΔ850/+ ;Il10 -/-mice, which are genetically prone to developing colitis in the presence of microbes (20), and further highlight the contribution of inflammation to colon tumor initiation and progression. The rapid induction of inflammation and reestablishment of microbes from human biofilm-positive tissues into murine biofilms may partly explain why tumors developed so quickly (just 3 weeks after association) in the SPF Apc MinΔ716/+ mice. Alternatively, the better developed immune system of the SPF mouse and/or unexpected interactions of human and murine microbes, compared with the GF mouse, may have contributed to this early carcinogenesis. These findings suggest biofilm-positive microbial communities have carcinogenic properties that are retained and rapidly induce tumorigenesis upon introduction into susceptible mice.
Multiprobe FISH analysis of sporadic CRC patients demonstrated Bacteroidetes, Lachnospiraceae, Fusobacterium, and Proteobacteria taxa within the mucosal-associated bacterial biofilms within CRC patients (11, 15) . Each of these taxa except 
-/-and Apc MinΔ850/+ mice at 1 week, but not 12 weeks, after inoculation. Attempts to recover Fusobacteria from our frozen human CRC samples to date have been successful in only 1 instance (C.L. Sears, B. Ellis, and S. Bullman, unpublished observations). In prior work, Fusobacteria were primarily detected in CRC-associated mucosa and were infrequently associated with normal colon mucosa from either CRC patients or healthy individuals undergoing colonoscopy (11, 15, 31, 32) . Collectively, these data indicate that the biofilm formation and early colon tumorigenesis in our mouse models did not require Fusobacteria and support recent data suggesting a role for Fusobacteria in late-stage human CRC disease (6) . Consistent with this conclusion, human CRC-derived strains of F. nucleatum were not carcinogenic in GF models of colon carcinogenesis (20) .
Previously, invasion into the host epithelium was observed in biofilm-covered tumors and paired normal mucosal tissues from human CRC patients (15, 22) and again was observed in most GF biofilm-positive-associated mice. In contrast, biofilm-negativeassociated Apc MinΔ850/+ ;Il10 -/-mice displayed limited mucus bacterial invasion and epithelial cell contact after 12 weeks ( Figure  5C ), but this observation may relate to the nature of the Il10 -/-model after colitis develops. Indeed, previous FISH analyses of Il10 -/-or dextran sulfate sodium (DSS) mice revealed that bacteria adhere to and, in some cases, invaded the mucosa of the distal colon compared with WT mice (23). Mucosal-associated biofilms Discussion Genomic studies to date using mucosal tissues or feces from CRC patients and healthy subjects highlight the polymicrobial nature of the interaction between intestinal host cells and microorganisms in CRC development (26, 27) . Although 2 studies have attempted to test the functional impact of microorganisms present in feces on colon carcinogenesis in murine models (12, 13) , the biological contribution of microorganisms present in mucosal tissues of CRC patients has not been previously reported. Moreover, since the presence of bacterial biofilms is associated with CRC (11, 15, 22) , it is important to understand the functional role of colon mucosal bacterial organization in CRC. In this study, we observed that direct inoculation of human biofilm-positive mucosal tissue communities obtained from either healthy or sporadic CRC patients promoted tumorigenesis in 3 different genetic murine models of CRC (GF Apc 
-/-mice by mucosal murine tissue colonized with microbes derived from human biofilm-positive tumor, but not biofilm-negative biopsy, communities. Two previous studies examining the functional role of CRC-associated fecal microbial communities suggested that community composition (13) and health status of the host (12) contribute to tumorigenesis in chemical CRC models. Our results using genetic CRC models suggest an additional contributing factor, the organization of the microbiota at the mucosal surface. Of particular interest was our observation that even the biofilm-positive, mucosal-associated microbial communities pooled from healthy patients promoted tumorigenesis in our preclinical models. These findings suggest that the composition and organization of the microbiota that established in mice, rather than the health status of the human donor, are associated with tumor development. This is clearly supported by our observation that, although biofilm-negative mucosal-associated microbial communities rapidly proliferated to the level observed with biofilm-positive, mucosal-associated communities and induced histologic intestinal inflammation in Apc MinΔ850/+ ;Il10 -/-mice, these mice failed to develop CRC.
One limitation of our approach is that the carcinogenic potential of the biofilm communities tested cannot be ascribed to colon biofilm formation in an individual patient. Limited material (particularly from colonoscopy biopsies) and the critical importance of demonstrating reproducibility of the results in this initial work made individual patient analyses not possible. Nonetheless, these data indicate that human colon mucosal tissues with biofilms, even in the healthy individual undergoing screening colonoscopy, contain carcinogenic bacteria. Critical, but challenging, next steps include microbiologic recovery of mucosal biofilm communities and functional analyses to identify specific carcinogenic bacteria and/or consortia. This knowledge will inform human epidemiologic studies to identify the relationship between harboring these bacteria (in either the mucosa and/or stool) and disease state in individual patients (presence or absence of colon polyposis or CRC). We anticipate that defining these bacteria or consortia will advance approaches to identifying those at risk for colon carcinogenesis, a goal of increasing importance with recognition of the expanding numbers of colon cancer victims globally and in younger populations (28, 29) .
Volume 129 Number 4 April 2019 colon samples were screened twice in a randomized, blinded manner. Because in mice, only the distal 3 cm of the colon contains a striated, nonpermissive mucus layer, at 1 week after infection, the distal 3 cm of each GF C57BL/6 mouse colon was separated from the remainder of the colon and fixed using Carnoy's solution (38) , with residual stool intact to preserve the mucus layer. This distal 3 cm region was screened by FISH with the EUB338 all-bacterial probe and DAPI for the relative percentage of the entire distal colonic epithelium that was in direct contact (within 1 μm) with bacteria. Each mouse colon was scored twice in a blinded, randomized manner, with the 2 scores averaged to obtain a final percentage for each mouse. Data presented are representative of 2 separate experiments, one with shams, BF-Bx, and BF+T, and a second with shams, BF-Bx, and BF+Bx. PAS stains of a sequential slide section were used to confirm the presence of mucus.
Human colonic biofilms were imaged as previously described (15) . Confocal images of FISH-stained mouse colons were taken on a Zeiss LSM 780 META laser scanning microscope at ×400 with LSM Zen imaging software with linear unmixing in the Johns Hopkins University School of Medicine Microscope Core Facility, unmixed using Zen software, and finally merged in ImageJ. PAS-stained mouse colons were imaged on a Nikon Eclipse E800 microscope with a Nikon DXM1200 camera.
Human tissue inocula preparation. The study design was developed to give priority to reproducibly testing using multiple murine models the hypothesis that human mucosal microbiota populations could induce colon carcinogenesis. Thus, to allow for limitations in available human tissues and GF mice, we used inocula composed of tissue from 5 different patients (Supplemental Table 1 ). Biofilm negative (BF -) and positive (BF + ) inocula were prepared from 3 mm diameter tissue pieces that were collected from healthy or CRC patients, snap-frozen, and stored at -80°C. The BF-bx and BF+bx inocula were pooled from separate groups of healthy patients, while the BF+NF and BF+T inocula were from the same set of CRC patients except in one instance (Supplemental Table 1 ). All inocula were prepared anaerobically by mincing and homogenizing tissue pieces in PBS in an anaerobic hood to a final dilution of 1:20 (weight/volume).
GF and SPF mouse colonization. Six-to fourteen-week-old GF 129/ SvEv Apc MinΔ850/+ and Apc
MinΔ850/+
;Il10 -/-mice (males and females) (University of Florida) were transferred to gnotobiotic isolators (separate isolator for each experimental group) and gavaged with 100-200 μl of inoculum. Mice were euthanized at indicated time points, and colonoscopy was performed as described previously (39) before sacrifice. The small intestine, cecum, and colon were cut open longitudinally, and macroscopic tumors were counted. About 1 to 2 × 0.5 cm snips were taken from the proximal and distal colon, flash-frozen in liquid nitrogen, and stored at -80°C until analysis. The rest of the colon was Swiss-rolled and fixed in 10% neutral buffered formalin solution. Swiss rolls were processed, paraffin-embedded, sectioned, and stained with H&E by the Molecular Pathology Core at the University of Florida. Histological scoring of inflammation was performed blindly by 2 investigators, as described previously (5) . Whole colon inflammation scores were calculated as the average between the proximal and distal colon region scores, while distal colon inflammation scores represent the inflammation score in the distal colon region.
Murine reassociation experiments utilized 6-to 13-week-old GF 129/SvEv Apc MinΔ850/+ ;Il10
-/-mice. For these mice, the inocula were anaerobically homogenized murine colon tissues of 4 mice originally have also been observed in inflammatory bowel disease patient mucosal biopsies (33) . The FISH analysis of biofilm-positive-associated mice suggested these communities establish quickly within mice; this observation is consistent with our 16S rRNA gene-sequencing results, which show stool microbiota separation based on biofilm status 1 week after inoculation. Several of the genera we identified as differentially abundant according to biofilm status in the Apc MinΔ850/+ ;Il10
-/-and Apc MinΔ850/+ mice have been previously associated with human CRC patients. Bifidobacterium has been reported to be depleted in CRC patients (10, 34) and was depleted in the mice inoculated with microbes from biofilm-positive tissues. In contrast, Clostridium XI, Clostridium XVIII, Erysipelotrichaceae incertae sedis, Escherichia/Shigella, Eubacterium, and Parabacteroides genera were increased in biofilm-positive-associated mice and have been shown to be increased in CRC patients (10, (34) (35) (36) (37) . It is still unclear whether these bacteria interact with one another and whether all or just some of these bacteria contribute to CRC development. Synergy between multiple types of bacteria is likely to be one contributing factor, given the recent identification of ETBF and pks + E. coli within familial adenomatous polyposis mucosal biofilms and the demonstration that cocolonizing susceptible mice with both bacteria enhanced tumor formation compared with either bacterium alone (22) .
Together our findings suggest both composition and bacterial organization are important factors contributing to CRC development. We anticipate that evaluating composition and bacterial organization as well as the type of inflammatory response will provide a clearer picture of how microorganisms contribute to the initiation and progression of cancer. Identifying candidate procarcinogenic species and communities from human colon mucosal biofilms may enable earlier screening to predict patients at risk of developing CRC and allow application of interventions to disrupt the progression of colon carcinogenesis. ;Il10 -/-mice were previously described (20) . Experiments using GF C57BL/6 and GF or SPF C57BL/6 Apc MinΔ716/+ mice were conducted at Johns Hopkins University.
Methods
Animals
Biofilm evaluation and microscopy. Patient tissues were collected and screened for biofilms, as described previously (11, 15, 22) . In brief, patient tumor (T) and normal flanking (NF, collected from the distal margin of the surgical resection) tissues were collected after surgical resection, and healthy control patient tissues were collected from the right and left colon by colonoscopy biopsy (bx). Part of the patient tissue was fixed in Carnoy's solution (60% methanol, 30% acetic acid, and 10% chloroform) and biofilm status assessed by FISH with a universal bacterial probe (EUB338); bacterial density was quantified with ImageJ (NIH). Sections were stained with periodic acid-Schiff (PAS) to confirm mucus presence and preservation, and successive sections were hybridized with the EUB338 universal bacterial probe. Carnoy's fixed tissues were defined as biofilm positive if there were more than 10 9 bacteria/ml for CRC or tumor patients or more than 10 8 bacteria/ ml for colonoscopy biopsies invading the mucus layer (within 1 μm of the epithelium) for at least 200 μm of the epithelial surface. All human bacteria 16S rRNA gene primers were used: forward, AGAGTTT-GATCCTGGCTCAG; and reverse, ACTGCTGCCTCCCGTAGGAG. 16S rRNA amplicon sequencing. The V1-V3 hypervariable region of the 16S rRNA gene was amplified using primer pairs 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 534R (5′-ATTACCGCG-GCTGCTGG-3′). Both the forward and the reverse primers contained universal Illumina paired-end adapter sequences as well as unique individual 4-to 6-nucleotide barcodes between the PCR primer sequence and the Illumina adapter sequence to allow multiplex sequencing (Supplemental Table 4 ). PCR products were visualized on an agarose gel before samples were purified using the Agencourt AMPure XP Kit (Beckman Coulter) and quantified by qPCR with the KAPA Library Quantification Kit (KAPA Biosystems). Equimolar amounts of samples were then pooled and sequenced with an Illumina MiSeq.
16S rRNA-Seq analysis. Taxonomic ranks were assigned for the forward reads using the ribosomal database project (RDP) classifier (40) done with confidence set to 80%. Reads were grouped by genera, and the counts were normalized and log 10 transformed (41) using the following formula:
where RC is the read count for a particular genus in a particular sample, n is the total number of reads in that sample, the sum of x is the total number of reads in all samples, and N is the total number of samples. This equation is used to standardize the effect of adding the pseudocount to samples of different sequencing depth. The PCoA was generated from the Bray-Curtis distance of the normalized and log 10 -transformed counts using the capscale function in the vegan R package (42, 43) . Genera significant for biofilm group (BF-bx, BF+bx, BF+NF, or BF+T) were detected using the lme function in the R nlme package, with the REML method (44) to fit a generalized mixed linear model of the following form: genera ~ group + 1|cage + ɛ, where genera indicates the log 10 -normalized abundance of a particular genera, group indicates the biofilm group, and 1|cage indicates that we used the cage as a random effect. We then ran an ANOVA analysis on the above model to generate P values for the biofilm group. We filtered genera absent in more than a quarter of the samples. The P values for cage were calculated using an ANOVA of this model and a model with the cage removed (genera ~ group + ɛ). All P values were then adjusted for multiple hypothesis testing using the method of Benjamini and Hochberg (45) . The heatmap was generated using the R function ggplot2 (46) . The code and tables used to generate the 16S rRNA-Seq figures can be found at: https://github.com/afodor/biofilm.
We performed 2 additional analyses on the 16S rRNA data, the first utilizing QIIME (47), version 1.9.1, closed reference at 97% similarity level using the Greengenes reference dataset release 13_8, and the second employing Deblur (48) workflow, version 1.0.3, with the default parameters (using Deblur's default positive and negative reference filtering) and trim length set to 100 bases. Both pipelines showed similar broad separation between the BF + and BF-bx samples (Supplemental Figure 6 , C and D). Functional prediction. Sequences were also analyzed by PICRUSt to infer functional content as previously described (11, 25) . PICRUSt counts associated with functional categories were also normalized to an even total per sample within each data set. Relative contributions of inoculated with human BF-bx (for 12 weeks) or BF+T (for 16-20 weeks) inocula. Flash-frozen murine tissues were stored at -80°C until anaerobic inocula preparation. Once inocula were prepared, they were stored at -80°C until administration into mice as described above.
The 1-week association experiment for flow cytometry analysis with GF Apc MinΔ850/+ mice was completed in 2 mini-isolators (1 per inoculation group; see Results). For this experiment, the BF-bx inoculum was diluted 1:2, while the BF+T inoculum was diluted 1:4. Each mouse received 100 μl of the diluted inoculum, and mice were euthanized 1 week after inoculation. Colons were shipped overnight on ice to Johns Hopkins University, where flow cytometry analysis (below) was performed. GF C57BL/6 mice (Johns Hopkins University) were similarly housed and inoculated, as indicated in Results, using individual isolators (1 isolator per condition), followed by mouse colon harvest after 1 week for biofilm analysis or flow cytometry, as described below. Prior to inoculation of approximately 6-week-old male and female SPF Apc MinΔ716/+ mice (Johns Hopkins University), mice were given water containing 500 mg/l cefoxitin for 48 hours. After removal of antibiotic water for 24 hours, mice were inoculated by oral gavage with human colon mucosal homogenates as indicated. Lamina propria lymphocyte isolation. Colon lamina propria lymphocyte (LPL) isolation has been previously described (21) . Briefly, colons were flushed, minced, and digested using 400 U/ml liberase and 0.1 mg/ml DNAase1 (Roche Diagnostics). Leukocytes were isolated by 60%/80% Percoll gradient separation (GE Healthcare Life Sciences).
Flow cytometry. Staining and flow cytometry analysis have been previously detailed (22) . Briefly, LPL were stained for 30 minutes with the LIVE/DEAD Fixable Aqua Viability Stain (Thermo Fisher Scientific) and then washed. Fluorochrome-conjugated antibodies were added for cell-surface staining of lymphoid and myeloid cell subsets and incubated 30 minutes on ice. Stained cells were then washed and analyzed using an LSRFortessa flow cytometer (BD Bioscience) and BD DIVA software (TriStar Inc.). In some experiments, analysis of IFN-γ-and IL-17-producing cells was performed using intracellular cytokine staining (ICS), following a 3.5-hour in vitro stimulation of LPL in the presence of eBioscience Stimulation Plus Protein Transport Inhibitor Cocktail (PMA, ionomycin, Brefeldin A, Monensin; Thermo Fisher Scientific). IFN-γ, IL-17, and Foxp3 staining were performed after fixation of cell surface-stained cells using the Foxp3 Fixation/ Permeabilization Kit (Thermo Fisher Scientific), as previously described (21 ;Il10 -/-stools (collected at 1 week and end point) and distal colon tissues (end point) using phenol/chloroform separation followed by DNeasy Blood & Tissue Kit (QIAGEN). 16S rRNA qPCR was performed on a CFX384 Touch Real-Time PCR Detection System (Bio-Rad) using the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). The following universal
